the forested watershed during seasons other than spring was remineralized nitrate: those 6 retained in the forested ecosystem as either organic-N or ammonium and then been converted 7 to nitrate via microbial nitrification. When compared with the values prior to strip-cutting, the 8 annual export of atmospheric nitrate and remineralized nitrate increased more than 16-fold 9 and 4-fold, respectively, in 2004, and more than 13-fold and 5-fold, respectively, in 2005. The 10 understory vegetation (Sasa) was particularly important to enhancing biological consumption 11 of atmospheric nitrate. 12 13
Δ
17 O values of +14.3‰ suggest that the direct drainage of atmospheric nitrate accounted for 1 more than 50% of total nitrate exported from the forested watershed peaking in spring. Melillo, 1979). Enhancement of the production of fresh remineralized nitrate within soils due 28 to disturbances and/or hindrance of the uptake of such remineralized nitrate in soils might 29 play a large role in increases in nitrate in streams. Moreover, previous studies of foresteddeposition and nitrate discharge to streams (Grennfelt and Hultberg, 1986; Williams et al., 1 1996; Tietema et al., 1998; Durka et al., 1994) . As a result, disturbances to forested 2 watersheds can also increase direct drainage of atmospheric nitrate in stream water 3 subsequent to deposition by hindering biological uptake processes of atmospheric nitrate 4 within forested watersheds. 5 Temporal variations in stream and soil solution chemistry, fine root biomass, and soil nitrogen 6 processing in accordance with clear-cutting of trees and subsequent strip-cutting of understory 7 vegetation (mainly Sasa senanensis) were measured in a forested watershed in the Teshio 8 Experimental Forest, Hokkaido University ( Fig. 1 ) in northern Japan (Fukuzawa et al., 2006) . 9
In that study, an approximately 50% decrease in fine root biomass due to understory 10 vegetation cutting was found to induce an increase in the maximum nitrate concentration in 11 stream water from 3 µmol L -1 to ca. 15 µmol L -1 and that in soil solution from 30 µmol L -1 to 12 more than 100 µmol L -1 . These results implied that nitrogen uptake by the understory 13 vegetation was important to preventing nitrogen leaching after tree-cutting, and that the 14 Nakagawa et al., 2013) . Thus, in this study, we conducted further isotope 22 analysis of archived stream water samples to clarify the source of increased nitrate. 23
Triple oxygen isotopic compositions of nitrate 24
The natural stable isotopic composition of nitrate have been widely applied in the 25 determination of the sources of nitrate in natural freshwater systems (Wada et al., 1975 will increase our understanding of fixed-nitrogen processing and fixed-nitrogen retention 5 efficiencies within forest ecosystems as well. 6 7 2 Experimental Section 8
Site description and management 9
The study site has been described in detail by Fukazawa et al. for the riparian area and slope, which had a width of about 13 m from the stream. After 7 measurement of the pH using a glass electrode, water samples were filtered through a 0.7 µm 8 GF/F filter and kept at 4°C for further analysis. Following additional filtering using a 0.2 µm 9 membrane filter in the laboratory, the concentrations of major anions (Cl - Because we used the more precise power law shown in the equation (1) (Picarro L2120-I with an A0211 vaporizer and auto sampler), which had an error of ± 0.1‰. (Fig. 2) Fig. 2) , which corresponds to more than 80% of the total precipitation in the catchment. 3
Deposition rate of atmospheric nitrate
Considering the evaporative loss of water from the catchment area, water loss via 4 groundwater flow must be very low for the watershed. Thus, we assumed that the studied 5 stream was the only channel through which nitrate was eluted from the catchment area for 6 later discussions. As shown in Fig. 4(b) , the δ (Fig. 4) Fig. 4(b) (Fig. 4(a) ). The presence of highly 32 August) when compared with the other seasons (Fig. 3) . Specifically, the average δ 15 N re value 31 was −2.5±1.6‰ in summer (n=7), while it was +2.2±3.0‰ (n=34) during the other seasons (p 32 < 0.001, t-value=8.0). A significant positive relationship between soil temperature and gross 1 nitrification rates was observed in previous studies (Breuer et The daily elution fluxes of NO 3 -(F total ) and NO 3 -re (F re ) were also calculated from both the 25 NO 3 -concentration (C total ) and the daily average flow rate of the stream water (V) by applying 26 equations (6) and (7): 27 (6) 28 (7) 29 The temporal variation of F atm and the F total are plotted in Fig. 3(d was reduced during summer as well (Fig. 3) . We can obtain the annual export flux of NO 3 -atm per unit area of the catchment (M atm ) by 23 integrating the F atm values for each year of the observation using the equation (8) . 24 (8) 25 where S denote the total catchment area (8 ha). We can obtain the annual export flux for NO 3 - 
26
(M total ) and NO 3 -re (M re ) by integrating F re and F total for each year of the observation using 27 equations (9) and (10) . 28 (Fig. 1) to compare M atm with D atm . The data coverage of the obtained daily deposition 1 rate was 94% in FY2008, 89% in FY2009, 95% in FY2010, and 82% in FY2011. To 2 complement the lacking data of the daily deposition rate, we first determined the average 3 daily deposition rate for each year based only on the obtained data set and then estimated the Fukuzawa, K., Shibata, H., Takagi, K., Nomura, M., Kurima, N., Fukazawa, T., Satoh, F., and 28
Granger, J., Sigman, D. M., Lehmann, M. F., and Tortell, P. Noguchi, I., Hayashi, K., Aikawa, M., Ohizumi, T., Minami, Y., Kitamura, M., Takahashi, A., 28
Tanimoto, H., Matsuda, K., and Hara, H.: Temporal trend of non-sea salt sulfate and nitrate inSavarino, J., Kaiser, J., Morin, S., Sigman, D. M., and Thiemens, M. H.: Nitrogen and oxygen 23 isotopic constraints on the origin of atmospheric nitrate in coastal Antarctica, Atmos. Chem. 24
Phys., 7, 2007 . shown in parentheses to indicate that they could include large errors. 5
